Introduction
The mechanisms of degradation of unstable intracellular proteins are still poorly understood. There is an increasing wealth of evidence that the proteasome, which is the major soluble intracellular proteolytic machinery, plays a major role in this process. However, it is important to emphasize that the relative contributions of the other intracellular proteolytic systems such as lysosomes, calpains and caspases (Hopsu-Havu et al., 1997) , to the degradation of speci®c intracellular proteins has not really been settled. Conjugation of multiubiquitin chains (ubiquitin is an abundant, ubiquitous and highly conserved protein of 76 amino acids) permits recognition and subsequent breakdown of substrate proteins by the 26S form of the proteasome (for reviews and references, see Ciechanover, 1994; Jennissen, 1995; Jentsch and Schlenker, 1995; Peters, 1994; Rivett, 1993) . However, since proteins like ornithine decarboxylase (Murakami et al., 1992) and IkB (Krappmann et al., 1996) can be degraded by the proteasome independently of ubiquitin, it is clear that this scheme does not apply to all intracellular polypeptides. Our current view of protein destruction by the ubiquitin pathway involves three distinct steps. First, proteins are tagged by covalent attachment of multiple ubiquitin molecules using a series of enzymes called E1, E2 and E3. E1 is commonly assumed to be encoded by a unique gene in somatic mammal cells and serves for activation of ubiquitin, whereas E2 and E3 de®ne families of proteins displaying substrate speci®city and are responsible for the transfer of ubiquitin from E1 onto target proteins. In a second step, ubiquitin chains conjugated to proteins to be degraded are recognized by a subunit of the regulatory complex of the 26S proteasome. Finally, proteins are degraded by the multiple proteolytic activities of the catalytic core (20S proteasome) of the 26S proteasome while free and reutilizable ubiquitin is released (Ciechanover, 1994; Jennissen 1995; Jentsch and Schlenker, 1995; Peters, 1994; Rivett, 1993) .
c-fos and c-jun genes de®ne multigenic families of transcription factors (see Angel and Herrlich, 1994; Curran, 1988; Piechaczyk and Blanchard, 1994) . c-Fos and c-Jun proteins exert their function through interactions with various partners for regulating the activity of numerous genes (Angel and Herrlich, 1994; Piechaczyk and Blanchard, 1994) . Particularly, c-Fos and c-Jun can heterodimerize within the AP-1 transcription complex where they play roles in the control of cellular functions as important and as varied as cell division, cell dierentiation and apoptosis (Angel and Herrlich, 1994; Piechaczyk and Blanchard, 1994) . The regulation of c-fos and c-jun gene expression involves numerous and intricate transcriptional and post-transcriptional mechanisms (see Angel and Herrlich, 1994; Piechaczyk and Blanchard, 1994) . Of major importance for rapid gene shut-o, both cFos and c-Jun proteins are broken down very rapidly with half-lives in the 1 h range (Kovary and Bravo, 1991a,b; Kruijer et al., 1984; Lamph et al., 1988; MuÈ ller et al., 1984; Treier et al., 1994) . The mechanisms of c-Fos and c-Jun protein degradation are, however, still poorly understood. There are indications that the ubiquitin pathway contribute to the degradation of c-Jun and c-Fos in vivo. On one hand, it has been elegantly shown that a fraction of cJun protein is ubiquitinylated in vivo and that the sensitivity to ubiquitinylation correlates with protein instability in cell transfection assays (Fuchs et al., 1996; Musti et al., 1997; Treier et al., 1994) . On the other hand, c-Fos is stabilized to some extent in a mutant hamster cell line thermosensitive for the E1 enzyme (Stancovski et al., 1995) . However, the available literature also suggests, but does not demonstrate, that multiple proteolytic systems including the proteasomes, the lysosomes and calpains might contribute to the breakdown of both proteins in a possible regulated manner (see Discussion for details and references). One major issue related to c-Fos and c-Jun destruction thus resides in the full characterization of the dierent degradation pathways operating on these proteins and the relative contributions of these pathways in the various cell types and under varied physiological conditions. c-Fos and c-Jun proteins are expressed constitutively in only a restricted number of tissues. They are, however, rapidly and transiently induced in most other cell types by stimuli of varied natures (Angel and Herrlich, 1994; Curran, 1988; Piechaczyk and Blanchard, 1994) including growth factors Bravo, 1991a,b, 1992; Kruijer et al., 1984; Lamph et al., 1988; MuÈ ller et al., 1984) . Here, we have investigated the mechanisms responsible for the breakdown of both proteins during the transient expression occuring at the beginning of the G 0 -to-S phase transition in mouse embryo ®broblasts stimulated for growth by serum. Our data indicate that, under these speci®c experimental conditions, both c-Fos and c-Jun are degraded by the proteasome albeit the mechanisms of their directing to this proteolytic machinery show dierences.
Results
The ts20 mouse embryo ®broblast cell line is thermosensitive for the E1 ubiquitin-activating enzyme (Chowdary et al., 1994) . This cell line is derived from Balb/c 3T3 mouse embryo ®broblasts (Slater and Ozer, 1976) and was initially characterized for a defect in DNA synthesis and cell growth occurring at 398C but not at 328C (Zeng et al., 1984) . Both defects were corrected upon transfection of human genomic DNA containing a wild type E1 gene to give the reverted cell clone H38.5 (Chowdary et al., 1994) used here as a reference cell line. The ts20 cells used in this study, hereafter called ts20(M), are dierent from the E1-thermosensitive ts20 cells (called here ts20(H)) used by Stancovski et al. (1995) in their study of c-Fos degradation which were derived from the Chinese hamster E36 lung cell line (Kulka et al., 1988) .
Proteasome-dependent degradation of c-Fos and c-Jun proteins during the G 0 -to-S phase transition Since calpains and lysosomes are proteolytic systems that have been suggested to contribute to the degradation of c-Fos (Aniento et al., 1996; Hirai et al., 1991) and since the 26S proteasome is the major intracellular non-lysosomal proteolytic machinery (Ciechanover, 1994; Jentsch and Schlenker, 1995; Peters, 1994; Rivett, 1993) , we have addressed the possible role of these three proteolytic systems in c-Fos and c-Jun breakdown in serumstimulated ts20(M) ®broblasts. ts20(M) cells grown at 328C were rendered quiescent by serum-deprivation for 36 h and then stimulated by the addition of 20% fetal calf serum in the presence or in the absence of a series of cellpermeant protease inhibitors displaying dierent inhibition speci®cities (Palombella et al , 1994; Rock et al., 1994) . Stimulated cells were then harvested at dierent time points and c-Fos and c-Jun protein levels were monitored by immunoblotting using speci®c antisera. The protease inhibitors were: (i) chloroquine and ammonium chloride, which are weak bases allowing total inhibition of lysosomal proteases, (ii) E64D, which is a cysteine-protease inhibitor that blocks calpains and various lysosomal proteases but not the proteasome; (iii) N-acetyl-L-leucinyl-L-leucinylmethional or LLM (also called calpain inhibitor II), which blocks calpains and lysosomal cysteine proteases but not the proteasome; (iv) N-acetyl-L-leucinyl-Lleucinyl-L-norleucinal-H (LLnL) or MG101 (also called calpain inhibitor I), which blocks calpains, lysosomal cysteine proteases and, to some extent, the proteasome; (v) carbobenzoxyl-L-leucinyl-L-leucinyl-Lleucinal-H, also called ZLLL or MG132, which inhibits calpains, lysosomal cysteine proteases and which is a more potent inhibitor of the proteasome than MG101; and (vii) lactacystin, a microbial metabolite (Omura et al., 1991a,b) , which inhibits all known proteasomal activities, albeit to dierent extents, without aecting calpains, lysosomal cathepsins and a number of other proteases (Fenteany et al., 1995) . Choloroquine, ammonium chloride, E64D and LLM (three independent experiments) did not change the transient nature of either c-Jun (Figure 1a ± e) or c-Fos (Figure 2a ± e) inductions, which peak at 2 ± 8 h and 2 ± 4 h post serum addition, respectively, indicating that neither calpains or lysosomes are responsible for c-Fos and cJun degradation. In contrast: (i) in the presence of MG101 (three independent experiments), c-Jun reached a plateau, which remained stable between 2 and 24 h, and c-Fos disappearance was delayed to a great extent (Figures 1f and 2f) . Furthermore, in the presence of MG132 (10 independent experiments) or lactacystin (three independent experiments), both c-Jun and c-Fos levels reached a plateau remaining stable between 2 and 24 h (Figures 1g and h and 2g and h) .
We next assayed for the intracellular localization of c-Fos and c-Jun by indirect immuno¯uorescence analysis in serum-stimulated cells cultured for 24 h in the presence of MG132 to verify that the stabilization was not due to a gross inhibitor-induced intracellular redistribution that would have led to protection from proteolytic attack. Ruling out this possibility, both proteins were found con®ned to the nucleus 24 h poststimulation in the presence of MG132 (Figure 3Ad and 3Bd) with a pattern similar to that observed in cells 2 h post-serum stimulation in the absence of inhibitor (Figure 3Ab and 3Bd) .
We also con®rmed that persistence of c-Fos and cJun in the presence of proteasome inhibitors was not In the case of c-Jun, no detectable decrease was observed in the presence of MG132 (Figure 1j ) whereas most of the protein decayed within 2 h in the presence of the cycloheximide alone ( Figure 1i ). This thus con®rms that persistence of c-Jun actually resulted from protein stabilization when proteasomal proteolytic activities were inhibited. In contrast to c-Jun, no decay in c-Fos was observed for at least 14 h in the presence of CX whether or not MG132 was present ( Figure 5A and data not shown). Stabilized c-Fos showed a lower electrophoretic mobility resulting from phosphorylation, since the slowed mobility could be suppressed upon treatment by calf intestine alkaline phosphatase (Figure 5Ac ). Okasaki and Sagata (1995) have reported phosphorylation-dependent stabilization of c-Fos by the MAP kinase pathway. This would explain the results observed above, because cycloheximide also blocked the inactivation of Erk-1 and Erk-2 MAP kinases. This was shown by the persistence of the slowed mobility forms (Figure 5Ba and Bb), re¯ecting their activation through phosphorylation, along with in-gel kinase assay using myelin basic protein (MBP) as a substrate (Figure 5Ca and 5Cb). While these data do not address the mechanism of c-Fos stabilization in the presence of proteasome inhibitors, they do indicate that c-Jun is degraded under conditions where c-Fos is not.
In conclusion, these results indicate the prominent involvement of the proteasome in the degradation of cFos and c-Jun during the transition from G 0 -to-S phase. They also rule out any major contribution of calpains and lysosomes to the degradation of both proteins under our experimental conditions (see Discussion).
Inactivation of the E1 ubiquitin-activating enzyme in ts20(M) cells cultured at 398C
Before investigating the role of the ubiquitin pathway in c-Fos and c-Jun degradation in ts20(M) cells, it was ®rst necessary to measure the eect of temperature on the activity of the ts20(M) E1 enzyme under our cell synchronization conditions. To do so, we looked ®rst at the ubiquitinylation status of histone H2A. A fraction of this chromatin-associated protein (uH2A, 22 kDa) is mono-ubiquitinylated in living cells and the conjugated ubiquitin is constantly exchanged with free ubiquitin (Raboy et al., 1986) in an E1-dependent manner (Deveraux et al., 1990; Kulka et al., 1988; Mori et al., 1993) . Chromatin-associated proteins were prepared from Balb/c 3T3 and ts20(M) cells grown either at 328C or at 398C for 16 h and probed with an anti-ubiquitin-conjugate antibody in an immunoblotting experiment. The temperature shift induced no change in uH2A steady-state level in Balb/c 3T3 cells but complete loss in ts20(M) cells (Figure 6a ). Since rapid degradation of the p53 protein depends upon the E1-dependent ubiquitin pathway (Chowdary et al., 1994) , we used stabilization-linked accumulation of p53 as a second criteria for con®rming the inactivity of E1 Immunoblotting experiments using total cell extracts prepared at various time points were performed using the anti-c-Jun sc45 rabbit antiserum from SantaCruz in (a) and (d ± j) and another anti-c-Jun rabbit antiserum (gift from Dr D Lallemand) also revealing an unknown protein (u.p.) in (b) and (c). In (i) and (j), cycloheximide (CX) was added 2 h poststimulation at a concentration of 10 mg/ml. The 39 kDa c-Jun protein is indicated by an arrow. Synchronization experiments were conducted in the presence of serum only (a) or in the presence of serum plus chloroquine (b), ammonium chloride (c), (Chowdary et al., 1994) . The immunoblotting assays used here alloed us to detect at least 10 ± 20-fold dierences in the levels of uH2A and p53 abundances (not shown). If we assume that the levels of both uH2A and p53 directly re¯ect E1 activity, then the residual activity of this enzyme, if any, in ts20(M) cells grown at 398C for 16 h is very low.
Contribution of E1 to the degradation of c-jun in serumstimulated ts20(M) cells
As a next step to our investigations, we tested whether c-Jun degradation was dependent upon an active E1 enzyme. As shown in Figure 7a , Balb/c and ts20(M) cells were deprived of serum for 36 h. One lot was left at the permissive temperature, while the other was shifted to 398C 16 h prior to stimulation in order to inactivate the ts20(M) E1 enzyme after cells have entered into quiescence. Both lots of cells were stimulated with serum and then analysed for p53 and c-Jun expression by immunoblotting. Immunoblotting analysis was prefered over pulse-chase experiments for testing possible c-Fos and c-Jun stabilization for several reasons. First, because c-Fos and c-Jun synthesis are transient, immunoblotting allows direct visualization of protein decay. Second, immunoblotting allows the monitoring of the abundance of the bulk of c-Fos and c-Jun protein whereas pulse-chase experiments just allow to monitor the fraction of these proteins which is synthesized during the labelling period. This is an important point to take into consideration since (i) c-Fos half-life has been reported to vary during the peak of expression Bravo, 1991a, 1992) and (ii) c-Fos expression peaks slightly earlier at 398C. Third, c-fos and c-jun mRNA abundances are higher at the same time points post-stimulation during the decay phase in ts20(M) cells cultured at 398C as compared to 328C and signi®cantly more radioactive protein accumulates at the beginning of the chase period before equilibration of the intracellular pool of methionine. Ruling out the possibility of E1 activity restoration in ts20(M) cells during the G 0 -to-S phase transition, p53 continued to accumulate at a steady rate during the time-course of the synchronization experiment (two-fold increase over 24 h), although more slowly than during the ®rst 16 h at the non-permissive temperature ( Figure 7B ). Expression of c-Jun in Balb/ c 3T3 cells was transient at both temperatures but signi®cantly and reproducibly delayed at 398C (Figure  7Ca ± b) . This is likely to result from the moderate level of SAPK/JNK activity in Balb/c cells (data not shown), since (i) stress-activated protein kinases (SAPK)/c-Jun NH 2 -terminal protein kinase (JNK) are activated upon heat shock (Kyriakis et al., 1994) , and (ii) activated SAPK/JNK have been shown to reduce cJun ubiquitinylation and degradation rate (Fuchs et al., were analysed by immunoblotting using the X77 monoclonal antibody which detects p53 as well as an unknown protein (u.p.) c-Fos and c-Jun protein degradation C Salvat et al 1996; Musti et al., 1997) . In the ts20(M) cells, c-Jun was transiently expressed at 328C (Figure 7Cc ), while at 398C c-Jun abundance reached a plateau which remained stable over a period of 24 h (Figure 7Cd) . This points to a major role for E1 in c-Jun turnover under the experimental conditions used. Consistent with this notion, the basal level of c-Jun was higher in ts20(M) cells starved for 16 h at 398C than in the same cells starved at 328C (compare times 0 in Figure 7Cc and Cd) despite similar levels of c-Jun mRNA as tested by Northern blotting analysis (compare times 0 in Figure 7Da and Db).
We used two types of experiments to control that accumulation of c-Jun in ts20(M) cells at 398C was not due to stimulation of c-Jun synthesis resulting from E1 inactivation. First, addition of cycloheximide to ts20(M) cells 2 h post-stimulation led to rapid disappearance of c-Jun at 328C (Figure 7Ce ) but not at 398C (Figure 7Cf) . Second, analysis of c-jun mRNA levels in ts20(M) cells at dierent times after serum stimulation at 32 and 398C showed transient expression in both cases. However, at 398C c-Jun mRNA persisted for longer times (Figure 7Da ± b) . The fact that the protein level remains constant at 398C for at least 24 h post-stimulation while the mRNA eventually returns to basal levels 16 h post-stimulation is consistent with the idea that persistence of c-Jun protein is due to stabilization when E1 activity is inhibited. Finally, we controlled that c-Jun stabilization was not due to aberrant intracellular distribution by indirect immunouorescence analysis (Figure 3d ).
Apparent E1-independent degradation of c-fos in serumstimulated ts20(M) cells
We then tested whether c-Fos turnover was also aected by E1 inactivation using the same approach as above. In addition, we tested H38.5 cells reverted by the introduction of a functional E1 gene. Contrasting with the stabilization of c-Jun and p53 in ts20(M) cells stimulated at 398C, induction of c-Fos in ts20(M) cells was transient and peaked at 2 ± 4 h whatever the temperature (Figure 8Aa and Ab). Several aspects of c-Fos turnover are noteworthy. c-Fos usually disappears slightly faster in H38.5 ( Figure 8Ad ) and Balb/c 3T3 (not shown) cells at 398C than at 328C ( Figure  8Ac ) suggesting an increased protein degradation rate upon elevation of the temperature. In addition, at 398C (and at 39.58C, data not shown) c-Fos decay is slightly delayed in ts20(M) as compared to H38.5 (compare times 4 ± 16 h in Figure 8Ab and Figure 8Ad ) and Balb/c cells (not shown). As a next step, Northern blots of total RNA from Balb/c 3T3, H38.5 and ts20(M) cells stimulated for growth at 328C and 398C were probed for c-Fos. As for c-Jun, a broadening of the peak of expression of c-Fos mRNA was observed in ts20(M) cells kept at 398C (Figure 8Ba ± b) but not in control cells (not shown). This eect was not investigated further. Nevertheless, this would account for the slight delay in protein decay in these cells. Finally, as for c-Jun, no gross intracellular redistribution of c-Fos was observed as a result of E1 inactivation ( Figure 3C ).
Rapid degradation of c-jun in c-fos-null mouse embryo ®broblasts
Although c-Fos and c-Jun associate in vivo, we have shown that in cells treated with CX c-Jun can be degraded in conditions under which c-Fos is stable. To con®rm that degradation of c-Fos and c-Jun are not interdependent, f10 ®broblasts derived from an homozygous c-Fos-de®cient mouse (Wang et al., 1992) , were subjected to the same synchronization protocol as above. As shown in Figure 9 , c-Jun protein was transiently expressed upon serum induction in a manner similar to that in ts20(M) cells cultured at 328C or in Balb/c 3T3 ®broblasts.
Discussion

Mechanisms of c-jun degradation in ts20(M) cells stimulated with serum
Here, we show that in ts20(M) cells stimulated with serum, c-Jun degradation is dependent upon an active E1 ubiquitin-activating enzyme. This observation on endogenous c-Jun con®rms and extends the previous work by Trier et al. (1994) showing that rapid breakdown of transfected c-Jun in proliferating HeLa cells correlates with in vivo susceptibility of the protein to ubiquitinylation. Moreover, our use of a series of cell-permeant protease inhibitors provides the ®rst evidence for a major, if not exclusive, role of the proteasome in c-Jun breakdown in vivo under the experimental conditions we utilized. These observations support the notion that c-Jun catabolism during the G 0 -to-S transition mainly occurs according to the commonly accepted scheme of recognition of conjugated multi-ubiquitin chains by the 26S proteasome for breakdown of unstable proteins. Moreover, the synchronization experiments we have conducted at 398C, or in the presence of the various protease inhibitors, indicate that possible degradation by lysosomes, calpains Hirai et al., 1991) and/or by the proteasome in an E1-independent manner, as it has been documented in vitro (JarielEncontre et al., 1995) , cannot exceed a few per cent of that of the ubiquitin/proteasome pathway during the G 0 -to-S transition.
Another point important to emphasize is that our work supports the notion that the ubiquitinylation activity involved in c-Jun degradation is actually dependent upon E1 and not upon another pathway involving E1-like or E1-related enzymes since the existence of such pathways has been raised by various works (Deveraux et al., 1990; Hat®eld and Viestra, 1992; Kay et al., 1992; Mitchell et al., 1992) . Consistent with this idea, Hermida-Matsumoto et al. (1996) have developed two dierent cell-free ubiquitinylation assays of c-Jun involving the E1 enzyme (also see the Discussion of Stancovski et al. (1995) ). However, whether the E2 (and maybe E3) enzymes used for the ubiquitinylation of c-Jun in these experiments are actually responsible for c-Jun ubiquitinylation in vivo remains to be proven.
Mechanisms of c-fos degradation in ts20(M) cells stimulated for growth
Synchronization experiments presented here show that c-Fos degradation during the G 0 -to-S transition in ts20(M) cells is proteasome-dependent. This observation constitutes the ®rst in vivo demonstration of a role for this proteolytic system in the degradation of c-Fos. However, in contrast to c-Jun, the degradation of c-Fos is apparently E1-independent in the thermosensitive cell line we have used. Nevertheless, this cannot yet be interpreted as actual E1-independent degradation for c-Fos and further experiments are still required for answering de®nitely this question. Arguments for and against the requirement for ubiquitin in c-Fos degradation are however found in the literature.
In another E1-thermosensitive hamster cell line ts20(H), Stancovski et al. (1995) observed a 3 ± 4-fold reduction in c-Fos degradation rate. Invoking a possible leakiness of the mutant and taking into account that cFos can be ubiquitinylated in vitro in a reconstituted ubiquitinylation system, the authors concluded to an exclusively ubiquitin-and E1-dependent degradation for c-Fos. Although such a scenario is possible, we feel that additional experiments are required before a de®nitive conclusion can be drawn. Particularly, it will be necessary (i) to identify the critical lysines ubiquitinylated in c-Fos and to analyse the stability of corresponding c-Fos mutants in vivo and (ii) to determine whether the enzymes showing ubiquitinylation activity on c-Fos in vitro also operate in vivo. This last issue, however, appears complex since the possibility of redundancy in c-Fos ubiquitinylation enzymes has been raised by Hermida-Matsumoto et al. (1996) who have developed a cell-free c-Fos ubiquitinylation assay dierent from that of Stancovski et al. (1995) .
In our investigations, we cannot rule out the possibility that the lack of stabilization of c-Fos Figure 9 c-Jun expression in f10 ®broblasts stimulated by serum. f10 ®broblasts were serum-starved for 36 h and stimulated by addition of 20% fetal calf serum. c-Jun abundance was monitored by immunoblotting using the sc45 antiserum. Cell culture was carried out at 378C c-Fos and c-Jun protein degradation C Salvat et al protein at 398C (and even at 39.58C; not shown) re¯ects leakiness of the ts20(M) mutant. Nevertheless, a number of observations support the possibility of E1-independent degradation of c-Fos by the proteasome. First, three mechanisms depending upon an active E1 are inhibited eciently in ts20(M) cells cultured at 398C: p53 and c-Jun are stabilized while uH2A rapidly becomes undetectable. Second, recombinant c-Fos protein produced in E. coli is a highly sensitive and speci®c substrate for puri®ed rat liver 26S proteasome (our unpublished data). Third, nonubiquitinylated c-Fos, but not c-Jun, has been shown to be able to associate to the sug-1 subunit of the regulatory subunit of the 26S proteasome in vivo (Wang et al., 1996) .
Dierential directing of c-Fos and c-Jun to the proteasome
During the course of this work, we have observed that the degradations of c-Fos and c-Jun can be uncoupled: (i) c-Jun degradation is inhibited in ts20(M) cells cultured at 398C while c-Fos is actively degraded, (ii) c-Jun degradation is not aected to any detectable extent in c-Fos null mouse embryo ®broblasts and (iii) most of c-Jun is degraded in CX-treated cells during the G 0 -to-S phase transition while c-Fos remains stable. Under these conditions, however, a small fraction of c-Jun is however resistant to degradation. Since cycloheximide slowly activates SAPK/JNK cascade (Kallunki et al., 1994; Kyriakis et al., 1994) , a likely possibility is that c-Jun phosphorylation by SAPK/ JNK leads to a progressive reduction in its ubiquitinylation (Fuchs et al., 1996; Musti et al., 1997) and thereby to stabilization of residual c-Jun. Whatever the case, one important conclusion of our experiments is thus that the degradation of c-Fos is not necessary for that of c-Jun and vice-versa.
Several lines of evidence, however, raise the possibility that interaction with c-Jun may modulate the degradation rate of c-Fos. Stancovski et al. (1995) have observed that, in an in vitro assay, c-Jun signi®cantly stimulates both the ubiquitinylation and the degradation of c-Fos. In another in vitro degradation assay, c-Jun, ubiquitin, MAP kinase, casein kinase II and cdc2 kinase are all necessary for the rapid breakdown of c-Fos (Tsurumi et al., 1995) . In another cell-free assay, addition of an appropriately phosphorylated c-Jun can trigger the degradation of c-Fos in the reticulocyte lysate (Papavassiliou et al., 1992) . In contrast, delayed degradation of c-Fos correlates with association with Jun family members in Swiss 3T3 cells stimulated with serum Bravo, 1991b, 1992) . It is worth noting that Fos and Jun family members are constantly associating and dissociating in vivo with an interaction half-life of no more than a few minutes (Kovary and Bravo, 1992) . One mechanism for c-Fos degradation taking into account all these observations would be that c-Fos is (preferentially) recognized by the proteasome in the form of monomer and that the various kinases in¯uencing its half-life would in fact aect the dissociation and/or association rates of dimers. Experiments are underway to test this possibility.
Do multiple proteolytic systems contribute to the degradation of c-fos and c-jun
It is becoming clear that the degradation of c-Fos and c-Jun in vivo is very likely to be a complex network of which we have only begun to address the most basic aspects. It is, for example, unknown whether all c-Fos molecules, in a given cell and at a given time, constitute an homogenous population with regard to their degradation.
We have shown here that the proteasome plays a major role in c-Fos and c-Jun degradation during the G 0 -to-S phase transition in mouse embryo ®broblasts. However, two other proteolytic machineries have also been suggested to contribute to c-Fos degradation. On one hand, c-Fos can be taken up selectively and eciently by puri®ed lysosomes in vitro and a fraction of it is found associated with lysosomes in vivo (Aniento et al., 1996) . On the other hand, c-Fos, along with c-Jun, is a highly sensitive substrate for calpains (for a review, see Croall and DeMartino, 1991) in vitro (Carillo et al., , 1996 Hirai et al., 1991; Ste et al., 1997; Watt and Molloy, 1993) . Furthermore, inhibition of calpain activity in vivo correlates with higher levels of c-Fos-and c-Jundependent reporter gene activation (Hirai et al., 1991 and our unpublished results) . It is worth noting that degradation by multiple proteolytic systems would not be restricted to c-Fos and c-Jun but might also concern other proteins. As a matter of fact, the p53 tumor suppressor protein, which is prominently degraded via the ubiquitin proteasome pathway in exponentially growing cells (Chowdary et al., 1994) , is also very likely a substrate for calpains in certain cell types and/ or under speci®c conditions (Kubbutat and Vousden, 1997; Pariat et al., 1997; Zhang et al., 1997) .
A key question is thus the relative contribution of these three proteolytic systems to c-Fos and c-Jun degradation. In this work, we have analysed the degradation of these proteins in a situation of maximum induction of c-Fos and c-Jun genes where c-Fos and c-Jun proteins are quantitatively found within the nucleus. It is not surprising that the degradation of the latter is primarily via the proteasome because the proteasome is the only proteolytic machinery known to reside constitutively within the nucleus (Rivett, 1993) whereas lysosomes and calpains are cytoplasmic, although a fraction of calpains might be nuclear in certain circumstances . Contrasting with the situations of induction, c-Fos and c-Jun genes are most often eciently repressed because unregulated expression, even at low levels, can be deleterious (see Miao and Curran, 1994) . For ecient shut-o, a number of transcriptional and post-transcriptional controls cooperate , one of which is the retention of newly synthetized proteins within the cytoplasm (Roux et al., 1990 , where, at least for c-Fos (Roux et al., 1990) , the protein is actively degraded. This observation raises the interesting possibility that calpains and lysosomes would cooperate with the proteasome, less in situations of gene induction where the proteins are rapidly and eciently transported into the nucleus, than in those where ecient gene repression is required. This could, for example, occur in situations of basal expression of c-Fos and c-Jun protein degradation C Salvat et al c-fos and c-jun genes for preventing entry of c-Jun and c-Fos proteins into the nucleus. Contrasting with our observation that c-Jun breakdown is both proteasome-and E1-dependent during the G 0 -to-S phase transition and complicating our view of c-Jun degradation, we have previously observed that this protein can be speci®cally and eciently proteolyzed by the 26S proteasome in an E1-and ubiquitin independent manner in in vitro degradation assays using rat liver cell extracts and puri®ed rat liver proteasome (Jariel-Encontre et al., 1995) . Whether ubiquitin-independent breakdown of c-Jun by the proteasome corresponds in vivo to rapid degradation under speci®c physiological conditions or in speci®c cell types or to basal degradation accelerated upon ubiquitinylation is however not known. Such a situation has already been described in the case of the IkBa transcription factor inhibitor, whose ubiquitin-independent basal degradation becomes ubiquitindependent in TNF-treated cells with a half-life shortening from 30 to 5 min (Krappmann et al., 1996) . Experiments are underway for determining whether such a mechanism also applies to c-Jun.
Materials and methods
Cells and culture conditions ts20, A31N and H38.5 cells (Chowdary et al., 1994 ) are kind gifts of Dr H Ozer. f10 cells were obtained from Dr E Wagner and Balb/c 3T3 from Dr J Piette. All cells were cultured in DMEM medium (Gibco/ BRL) containing 10% fetal calf serum (Jacques Boy). 10 74 M b-mercaptoethanol was also added in the case of f10 cells. For synchronous growth stimulation, approximately 5610 6 cells grown to con¯uence in 90 mm diameter petri dishes (Nuclon) were washed with PBS (0.15 M NaCl, 0.01 M sodium phosphate pH7) and kept in serum-free DMEM for 36 h at 328C. Fresh culture medium containing 20% serum was added at t 0 . When needed, cells were transferred at 398C 16 h prior to serum addition for inactivation of thermosensitive E1 enzyme. For inhibition of cell proteolytic activities, E64D (50 mM; Sigma), LLM (50 mM; Boehringer), MG 101 (50 mM; Boehringer), MG 132 (5 mM or 50 mM; kind gift from Myogenics) and lactacystin (10 mM), (all ®ve drugs solubilized in dimethylsulfoxide), chloroquine (150 mM) or ammonium chloride (20 mM) were added together with 20% fetal calf serum to serum-starved ts20 cells grown at 328C. To prevent depletion of the inhibitors, fresh lactacystin (10 mM) and MG132 (5 mM) were added every 6 h. When required, cycloheximide (Sigma) was added at a concentration of 10 mg/ml.
Preparation of protein samples for electrophoretic analysis dephosphorylation of c-Fos
Total cell proteins were prepared as follows. 5610 6 cells were washed once with PBS at 08C, scraped o the bottom of culture dishes in the presence of PBS, centrifuged in the cold at 1200 g for 5 min and lysed on ice in 100 ml of a solution containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.02% NaN 3 , 0.1% SDS, 1% NP40, 0.5% sodium deoxycholate, 2 mg/ml leupeptin, 2 mg/ml aprotinin and 1 mM phenylmethylsulfonyl¯uoride. After a 30 min incubation at 08C, DNA was eliminated by centrifugation (10 000 g for 10 min at 48C). Protein concentration was determined using the Bradford's method as described in Harlow and Lane (1988) and adjusted to 5 mg/ml in the Laemmli loading buer (80 mM Tris-HCl pH 6.8, 10% glycerol, 2% SDS, 0.7 M b-mercaptoethanol, 300 mg/ml bromophenol blue). Protein samples were boiled for 10 min before electrophoresis. Nucleus-associated proteins were prepared at 08C as follows. 10 7 cells were resuspended in 300 ml of a solution containing 10 mM Tris-HCl, 0.25% Triton X-100, 1 mM dithiothreitol, 2 mM ATP and 20% glycerol and left on ice for 10 min. Nuclei were then centrifuged through a 1.2 ml cushion of 30% sucrose in the cell lysis buer at 5000 g for 5 min. They were resuspended in 250 ml of lysis buer and centrifuged again. The pellet was then resuspended in 100 ml of Laemmli loading buer containing no bromo-phenol blue and boiled for 10 min. Protein concentration was determined before electrophoresis. For protein dephosphorylation, 100 mg of cytosolic extracts in a volume of 200 ml was adjusted to 50 mM TrisHCl pH 8.5 and incubated with 40 units of calf intestine alkaline phosphatase (Gibco/BRL) for 1 h. Proteins were acetone-precipitated and resuspended in the Laemmli loading buer.
Electrophoresis and immunoblotting experiments
Proteins were fractionated through 15% polyacrylamide gels containing SDS according to Laemmli except in the case of uH2A analysis where 20% polyacrylamide gels were used (Laemmli, 1971) . Western blotting experiments were conducted as previously described (Jariel-Encontre et al., 1995) , except that PBS was replaced by TBST (20 mM Tris-HCl pH 7.5, 137 mM NaCl, 2.7 mM KCl and 0.1% Tween 20) for p53 immunodetection. 100 mg protein samples were electrophoresed in parallel and electrotransferred onto nitrocellulose (0.2 mm pores; BA83; Schleicher and Schuell) for c-Jun, 50 mg in the case of c-Fos and p53 and 25 mg in the case of ubiquitin conjugates. Immunoblots were probed for c-Fos and c-Jun using the Sc52 and Sc45 antibodies (Santa-Cruz Biotechnology) or the anti-c-Jun rabbit antiserum described in Lallemand et al. (1997) , respectively, for p53 using the X77 monoclonal antibody (gift of Dr T Soussi), for Erk-1 and Erk-2 kinases using a mixture of the sc93 and sc154 antisera from Santa-Cruz Biotechnology and for ubiquitin conjugates using the Z148 rabbit antiserum from Dakko. To check that the same amount of protein was present in all samples, immunoblots were also probed with either an anti-glyceraldehyde-3-phosphate dehydrogenase rabbit antiserum or the X77 antibody which detects an unknown protein of 30 kDa which turned out to be invariant in our experiments. Detection of bound antibodies was achieved using antirabbit (Sigma) and anti-mouse (Amersham) peroxidase conjugates as secondary antibodies and the Renaissance chemoluminescence kit from Dupont NEN according to the supplier speci®cations.
In-gel kinase assay
In-gel kinase assays of MAPK were performed as described in Shibuya et al. (1992) using myelin basic protein (MBP) as a substrate.
Northern blotting analysis
RNAs were puri®ed using the RNAplus reagent (Bioprobe) according to the supplier's speci®cations. Northern blotting analysis conditions and cDNA probes are described in Mils et al. (1997) .
Indirect immuno¯uorescence assay
Indirect immuno¯uorescence assays were carried out essentially as described in Roux et al. (1990) 
